To construct a seismic hazard map for intraplate earthquakes in Japan, historical records, paleoseismology data and a time-dependent conditional earthquake recurrence model were combined to create two types of contour maps: a probability map of peak ground acceleration (PGA) of 0.2g or higher between 2001 AD and 2050 AD, and a PGA map of 10% probability during the same period. The resulting maps demonstrate the effectiveness of conditional seismic hazard analysis, although there are several uncertainties in the estimation of the slip rate, the elapsed time, and the segmentation of seismogenic fault systems. To create these maps, the historical seismicity rate for the last 400 years, and synthetic earthquake frequency from active fault data are first compared to examine the effect of uncertainties in fault segmentation and slip rate estimation. Then hazard maps based on time-dependent and time-independent models are derived. The results suggest that the conditional hazard map shows better agreement with current understanding of the recurrence behavior of active faults. For example, (1) low probabilities are obtained for faults that are considered to have ruptured within the historical period, and (2) higher probabilities are calculated for faults with long elapsed times or high slip rates. In addition, some seismogenic active fault systems are indicated as precautious faults based on the time-dependent earthquake recurrence model.
in this densely populated country. In this paper, we refer to earthquakes that occur on a Wadati-Benioff zone that extends beneath the Japanese islands, and along its surface projec tion, as interplate earthquakes, and to other earthquakes, whose depth is limited to less than about 20 km, as intraplate earthquakes (Wesnousky et al. 1982) . The recurrence inter val of the former is estimated at a few hundreds of years, whereas the recurrence interval of the latter is estimated at more than a thousand years.
Seismic hazard assessment is a function of many parameters, among which time, location and magnitude of future disastrous earth quakes are the most critical. At present, howev er, it is very difficult to predict these parameters in a deterministic sense, and some researchers believe it is impossible.
Instead, earthquake statistics are commonly used, and historical earthquake records, active fault data and paleoearthquake data are the basis of this type of analysis.
Hazard assessments based solely on historical records or geodetic data do not always give us a good perspective on long-term regional seismicity.
In the former researches (e.g., Kawasumi 1951), the earthquake productivity rate is generally calculated by the use of the b-value model (Gutenberg and Richter 1944) , and the expected maximum magnitude is assigned based on the historical maximum magnitude. This is because the recurrence of intraplate active faults is estimated at thou sands or tens of thousands of years and much longer than the time window of historical records, even though Japan has one of the long est earthquake records in the world, with relia ble records for the last 400 years. In the latter researches, Rikitake (1984) , for example, ap plied Weibull probability function for the ob served geodetic strain accumulation rate, and calculated the conditional probabilities of active faults by combining ultimate strain data derived from historical earthquake records. However, some of the calculated probabilities are not consistent with the paleoearthquake results. For instance, the calculated cumulative probability of the Tanna fault is 0.7 in 2000 AD though the trenching result shows that the re currence interval is about 1000 years and only 70 years have passed since the last earthquake. This might be caused by his assumption that the strain accumulation rate is time independent during the earthquake cycle, and/ or the 100-year time window of geodetic meas urements is too short to examine the geological average strain rate around the active fault.
These errors can be avoided when active fault data are used in seismic hazard calculation (Wesnousky et al. 1984) . Active faults are sources of intraplate earthquakes, and Quater nary tectonic geomorphic features record their average activities.
A magnitude 7 or larger earthquake in Japan generally produces surface ruptures along a pre-existing active fault (Matsuda 1975) , therefore, the locations of future intraplate earthquakes are predictable. Using these two parameters, Wesnousky et al. (1984) , Maemoku (1985) and Kameda and Okumura (1985) 
Data and Methods
The data used in this study for the condition al seismic hazard map of Quaternary active faults are intraplate earthquake historical records (Table 1 ) and a list of active fault pa rameters (Appendix A, B) .
The historical intraplate earthquake records presented in Table 1 were originally taken from Usami (1987) , but were then compiled with many additional studies of paleoearthquake and historical record analyses to characterize the source of active faults. Although Japanese historical records start in the 7th century, many earthquakes were probably not recorded until the late 16th century, when a political system encompassing all of Japan was established. These historical records are incomplete, and might include geographical bias, however, we can say that the records since the late 1500s are reliable, except those for the Hokkaido region. Before the late 19th century, the magnitude and epicenter of each earthquake were determined from the spatial distribution of damage intensi ty, and hence are relatively inaccurate com pared with those determined from instrumental records.
Quaternary seismogenic active fault systems are summarized in Appendix A, in which the name, slip rate, and fault type are compiled from those in the lists of Matsuda (1990) and the Research Group for Active Faults of Japan (1991) .
In this paper, a seismogenic fault system refers to closely spaced faults that to gether are considered to be able to produce a large earthquake.
A fault system is generally identified using 1:200,000 fault maps and rules based on Matsuda (1990) . Active fault systems are classified into four types as: (1) an isolated active fault (no other fault within 5km dis tance) with a length of 5km or longer; (2) a group of faults with the same strike, roughly evenly distributed within a 5km strike length; (3) a group of parallel faults within 5km dis tance; and (4) a main fault with secondary faults having different strike, 5 km or more from the main fault. For the slip rate, field surveys and paleoearthquake studies that estimated the slip rate with an uncertainty range are listed for some faults. Otherwise, slip rates are divided into three ranks (Research Group for Active Faults of Japan 1991): degree A for a slip rate of 1 to 10mm/yr, degree B for 0.1 to 1mm/yr, and degree C for 0.01 to 0.1mm/yr. For those active faults for which only the degree of slip rate is provided, values assigned by Kaizuka and Imaizumi (1984) , based on statistical slip rate distribution, are used as the average for the latter calculations: 3.3mm/yr, 0.33mm/yr and 0.05mm/yr for degrees A, B, and C, respective ly. The longitude and latitude of the end points of each seismogenic fault system are digitized from maps of the Research Group for Active Faults of Japan (1991) . The distance between the two end points defines the length of the seismogenic fault system (L), although paleo earthquake studies indicate that the entire length of a seismogenic fault system does not always rupture during a single earthquake. It is very difficult at present to estimate which seg ments in a long seismogenic fault system will rupture together during a future earthquake (Kumamoto and Wesnousky, in preparation).
This fault grouping/segmentation problem is common in active fault research, because we do not yet have enough data to determine how faults interact in a fault system when produc ing a huge earthquake (e.g., the 1891 Nobi earthquake (M=8), the 1992 Landers earth quake (M=7.2)). Thus, seismogenic faults of 30 km or longer in Appendix A (asterisk with name) are divided at fault steps/jogs into sever al segments of 15-20km (Appendix B) . This length is determined in accordance with the thickness of the seismogenic layer underlying the Japanese islands, and is thought to be an important criterion in earthquake size distribu tion (Shimazaki 1986) .
Two end member scenarios regarding the segmentation of long seismogenic fault systems can be considered here. One is the maximum length scenario, in which the entire length of a seismogenic fault system is assumed to rupture simultaneously.
In this case, earthquakes that are large in magnitude but infrequent are ex pected. The other is the segment scenario, in which long seismogenic fault systems are as sumed to rupture separately, causing earth quakes that are small in magnitude but fre quent. Dolan et al. (1995) and Kumamoto (1998) compared historical seismicity with synthetic seismicity using these two scenarios in south ern California and Japan, respectively. Their results show that the true situation is probably somewhere between these two scenarios (see next section). One of the aims of this study is to compare these scenarios on a seismic hazard map.
By the use of these data sets, the parameters needed to construct a seismic hazard map will be obtained. First, the expected magnitude ML of a future earthquake on a seismogenic fault system is derived from the use of an empirical equation (Matsuda 1975 Although every effort has been made in geo morphology and paleoseismology to clarify the problem of fault grouping/segmentation, no systematic rule has yet been established. In stead, paleoearthquake results show that the rupture length on a fault system is not stable (Kumamoto and Wesnousky, in preparation). This paper compares synthetic earthquake frequencies, based on the two end-member sce narios, with actual historical seismicity during last 400 years in Japan, from a regional, long term average viewpoint.
Before discussing the comparison between synthetic and historical frequencies, the tecton ic setting of the Japanese islands should be briefly summarized. Figure 1 shows five tecton ic regions (a to e) based on the characteristics of active faults; each is likely to have different Plot of the cumulative number of events per year greater than or equal to a given magnitude, based on a characteristic earthquake model with segment scenario (left; circle) and maximum length scenario (right; diamond) for three regions of Figure  1 . The error bars result from the uncertainty of slip rates. Open squares represent cumulative earthquake frequency from historical records during 1581-1995 AD, as shown in Table 1. tonic setting, where the Eurasian, Pacific and Philippine-Sea plates collide with each other and volcanic activity is high. High seismicity is observed in spite of a lack of remarkable, long active fault systems.
(e) N-S striking reverse faults bounding basins and mountains are ob served in Hokkaido-Tohoku.
The historical seismic record of Hokkaido is insufficient com pared with that of other regions, because it was a remote corner of the country until 150 years ago.
Owing to the difficulty of separating volcanic and interplate seismicity in historical records in the Kyushu and Izu-Kanto regions, comparison is made of the following three regions: central Honshu,
Chugoku-Shikoku, and Hokkaido Tohoku. Figure 2 (a) to (c) shows the relation of cumulative earthquake frequencies in the seg ment scenario (left; circle), the maximum length scenario (right; diamond), and in 400-year his torical records (open square, from Table 1) for each tectonic region. The magnitude and fre quency of each fault are derived from equations (1) to (3) and seismogenic fault system data sets in Appendix A and B. The vertical error bar arises from the uncertainty of slip rate estima tion in the data sets and shows the uncertainty of earthquake productivity rate f, the reciprocal of average recurrence interval T.
In central Honshu (Figure 2(a) ), the difference between historical seismicity rate, maximum length scenario, and segment scenario does not seem to be significant.
There is a trade-off, in which the frequency of moderate earthquakes (M<7.5) becomes higher as the expected maxi mum magnitude becomes smaller in the seg ment scenario as compared to the maximum length scenario. This is because magnitude estimation is a function of fault length, whereas frequency estimation is a function of fault length and slip rate. Thus, maximum slip rate is needed for the maximum length scenario to satisfy the historical seismicity rate. In con trast, the average slip rate shows good agree ment with the historical seismicity rate in the segment scenario. In Chugoku-Shikoku ( Figure  2(b) ), where the MTL, with a length of about 300 km, is quite striking, the difference be tween the historical seismicity rate and the maximum length scenario is remarkable, in that even with maximum slip rate, the synthet ic frequency cannot reproduce the historical seismicity rate in the maximum length scenar io. This concurs with recent discussion regard ing the segmentation of the MTL in paleo earthquake studies (e.g., Tsutsumi and Okada 1996; Nakata and Goto 1998) , in that the MTL may be comprised of several segments that rup ture separately, rather than the whole length rupturing simultaneously. In Tohoku-Hokkaido (Figure 2(c) ), there is also a gap between the historical seismicity rate and the two scenarios, but the difference between the two scenarios is small in comparison with that in the other two regions. This might be caused by difficulties in fault segmentation and inaccurate estimation of net slip rates on reverse faults. Future revi sion of this assessment should include fault structure beneath the surface, as derived from seismic reflection surveys.
In short, the western and central parts of Japan are amenable to comparison of synthetic seismicity, based on active fault data sets, with observed historical seismicity during the last 400 years. The result shows that the segment scenario with average slip rate seems to be more appropriate than the maximum length scenario. However, there have been a few cases in which the entire length of a seismogenic fault system has ruptured simultaneously, such as the 1891 Nobi earthquake.
From the com parison above, the maximum slip rate is neces sary for the maximum length scenario, al though it seems statistically impossible that all seismogenic fault systems show the maximum value within the margin of error for slip rate estimation.
However, we cannot completely reject the maximum length scenario. Thus both models are adopted to create seismic hazard maps in the next section. A computer program for constructing seismic hazard maps was made, using the following equations, to display the differences between random and conditional earthquake recurrence models, including the fault grouping/segmen tation problems mentioned above. The total probability at one site due to all seismogenic fault systems is derived by using individual probability Pi(=Pri or Pci) as
To determine the ground shaking intensity at a site due to a seismogenic fault system, I quote the following empirical formula determined by Fukushima and Tanaka (1991) for PGA (cm/ sect) from Japanese earthquake data with focal depths up to 30km,
where R (km) is the shortest distance between site and fault, and MJMA is local scale magnitude defined by JMA. Strictly speaking, MJMA is different from ML. Equation (1), however, is empirically determined, to relate fault length to MJMA, and thus it is reasonable to use ML instead of MJMA in equation (8). Equations (4) or (6), (7) and (8) are repeatedly applied for different levels of ground shaking at each site to form the basis for the hazard map in this study. In estimating ground shaking, one must take into account that the intensity of ground shaking is strongly affected by surface geology. Accord ing to Fukushima and Tanaka (1990) , the am plification factor is 0.6 for bedrock and 1.4 for alluvial deposits, as compared to terrace depos its. In this study, the digital surface geology map (ks-156-1) published by the Geographical Survey of Japan is compiled into these three categories and used as an amplification filter when calculations are repeated for all sites, set here as a 1 km by 1km mesh covering all of Japan.
The probability of exceeding 0.2g of PGA during any 50-year period is depicted in Figure  3 , which assumes the random model with (a) segment scenario with the average slip rate of each seismogenic fault system and (b) maxi mum length scenario with maximum slip rate. High probability appears in areas (1) where many faults are closely spaced (for example in the central Honshu region, the Arima Takatsuki tectonic line, the Nobi fault system, the Atera fault system and the Atotsugawa fault, the Itoigawa-Shizuoka tectonic line (ISTL), the Inadani fault system and the Kozu Matsuda fault), and (2) near the fault steps/jogs of isolated seismogenic fault systems (e.g., the Beppu-Haneyama, the Median tectonic line (MTL), the Yamasaki fault). There is no proba bility change before and after earthquakes in these figures, because these calculations are time-independent.
In contrast, Figure 4 portrays the conditional (time-dependent) probability of exceeding 0.2g PGA between 2001 AD and 2050 AD with (a) segment scenario with average slip rate for each seismogenic fault system and (b) maxi mum length scenario with maximum slip rate, including the currently available paleoearth quake results listed in Table 1 . In general, the probability contrast in Figure 4 is sharper than that of the random model (Figure 3 ). Compar ing these two models, large probability differ ences occur along active faults that have ruptured in the last 100 years, for instance, the 1853 Zenkoji earthquake, the 1891 Nobi earth quake, the 1896 Riku earthquake, the 1930 Kita-Izu earthquake, and the 1995 Hyogo nanbu earthquake. In addition, a 20% or higher probability difference is observed on the ISTL and the Inadani fault system, for which a long elapsed time and no historical earthquake record are assumed, respectively. The potential for large earthquakes caused by these faults is greater than that for other faults. These exam ples show that the conditional seismic hazard assessment results in a better agreement with Contour maps showing the estimated probability that seismogenic fault systems will produce peak ground acceleration (PGA) of 0.2g or higher between 2001 AD and 2050 AD based on the conditional earthquake recurrence hypothesis.
(a) Segment scenario with average slip rate and (b) maximum length scenario with maximum slip rate.
our current understanding of earthquake recur rence on active faults than does the random model.
For earthquake risk assessment, the most comprehensive characterization of seismic hazard is provided by a map of the PGA ex pected to occur at a certain probability level during a given period. Figure 5 displays PGA at the 10% probability level between 2001 AD and 2050 AD using (a) the segment scenario with average slip rate of each seismogenic fault system and (b) the maximum length scenario with maximum slip rate. Note again that I assigned 1000 years elapsed time for the seismogenic fault systems without paleoearth quake data, which results in a lower hazard assessment.
High PGA (exceeding 0.5 g) is ex pected mainly on plains and in basins bounded by faults with high probabilities (Figure 5(a) ). PGA around faults that have recently produced large earthquakes is, however, justifiably es timated to be lower, owing to conditional prob ability (e.g., Kobe city). The lack of paleoearth quake data and the underestimation of slip rates for reverse faults in the Tohoku and Hokkaido regions, for example, might be causes of low probabilities, and these cases require future revision. Figure 5(b) , in contrast, seems to show excessively high PGA, compared with our current knowledge, especially in the vicini ty of active fault systems that have produced large earthquakes during the last 400 years (Table 1) . Realistic conditional seismic hazard assessments will require intensive investiga tion of the elapsed time of active faults and accurate estimation of net slip rates.
It is useful to examine how the maps dis played here might have appeared if this method had been used 100 years ago. The calculation of Figure 4 was applied for the period between 1891 AD and 1995 AD (Figure 6 ), using the same parameters except for the elapsed time data . obtained by paleoearthquake studies (Table 1) . Ellipses with date in Figure 1 indi cate the damaged area by earthquakes during this interval that were of magnitude 7 or larger, and had surface rupture. Six of the eight earth quakes occurred within the area of 20% or higher probability in the segment scenario with average slip rate. The activity of the other two (the 1927 Kita-Tango earthquake and the 1945 Mikawa earthquake) was caused by degree C faults (Table 1 and Appendix A). This indicates that the method used here provides good estimation for seismic hazard assessment. In Figure 6 there are areas where a probability of Maps of horizontal peak ground acceleration (PGA) expected at 10% or higher probability during 2001 AD to 2050 AD, under the conditional earthquake recurrence hypothesis .
50% or higher is calculated, but no large earth quake with surface rupture has occurred (e.g., part of the MTL, the Yamasaki fault system, the Inadani fault system, and the ISTL). The pres ent probability becomes much higher in those Contour maps showing estimated probability that seismogenic fault systems will produce peak ground acceleration (PGA) of 0.2g or higher between 1891 AD and 1995 AD, based on the conditional earthquake recurrence hypothesis.
Conclusions
To Figure 4 , and the other is a PGA map of a 10% probability during the same period in It should be noted that there are several as sumptions involved in constructing conditional hazard maps: (1) the characteristic earthquake model is the basis for earthquake occurrence on each segment of a seismogenic fault system; (2) 1000 years is chosen as the elapsed time for faults without historical records; and (3) there is no interaction between earthquakes. Future study must test and improve these assump tions. For example, field surveys and trenching studies will provide better knowledge about recurrence intervals and elapsed times. Seismic reflection surveys will detect the structure of faults and permit us to accurately estimate the net slip rates of reverse faults. Further investi gation will make it possible to discuss earth quake interaction by using, for example, a nu merical stress change model.
Intensive active fault research has been con ducted in Japan, and more work is planned, especially in the aftermath of the 1995 Hyogoken-nanbu earthquake.
The method used in this study is one attempt to apply such data to time-dependent seismic hazard analysis in Japan. Many damaging earthquakes have occurred and will occur in eastern Asia, thus I insist that data preparation and constructing seismic hazard maps like those presented in this study must promote better understanding with respect to earthquake risk mitigation.
